Introduction. Bark beetle species (Coleoptera: scolytinae) that colonize trees from the Pinaceae family are economically and ecologically important forest insects, and high-density outbreaks can devastate both managed and natural forests. Bark beetles are often divided into notional clusters: aggressive and nonaggressive beetles (Krokene & solheim, 1998) , however both climate changes and humans have been bringing about unprecedented changes to environments worldwide result in the shift in classical aggressive interactions among certain pests and tree species to less or nonaggressive and vice versa. Generally, nonaggressive beetles occupy weakened, dying-up, or dead trees, but under certain conditions, populations of these nonaggressive beetles can cause massive outbreaks, killing healthy trees (Alamouti et al., 2007) . Aggressive beetles are well-known to attack, and even kill healthy trees, however, the majority of bark beetles occupy only dying or very weakened trees (Krokene & solheim, 1998) .
such climate change as increasing temperature and drought in Ukraine are common now and can play an important role as a selective pressure shaping species traits and assemblages in the forest ecosystem. Thus, previously nonaggressive bark beetle Ips acuminatus (Gyllenhal, 1827) is considering recently to be among the most serious pests of pine forest in Ukraine and other European countries (Colombari et al., 2013 , siitonen, 2014 , Davydenko et al., 2017 Meshkova et al., 2017 Meshkova et al., , 2018 .
Majority of bark beetles are well-known for their symbiosis with various microorganismes, for instance, fungi, resulting in various types of symbiotic interactions between fungi and bark beetles from obligate mutualism to commensalism or even parasitism and antagonism (six, 2012) . Bark beetlefungus symbiosis is established in long-term ecological and evolutionary processes (six. 2012) .
Most studies demonstrated that fungi can provide the nutrient source (six, 2012; Villari, 2012; Davydenko et al., 2017) . Last decades, classic hypothesis postulate that both fungi and aggressive bark beetles exist in a relationship in which each individual benefits from the activity of the other. Regarding this classic paradigm (six, 2012) , some fungi, mostly aggressive, may assist beetles in overcoming tree defences. The actual role of fungi in helping bark beetles to overcome the defenses of the host trees is under debate but at least some species (e.g., Ophiostoma novo-ulmi or Endonophora polonica) can weaken or even kill healthy trees.
The relationship between fungi and bark beetles has been studied for more than one century, but there are many fundamental and practical aspects poorly known around the topic (Linnakoski et al., 2012; Villari 2012) . The pathogenic fungi can play a key role in overcoming the host defense increasing the aggressiveness and success of bark beetle attacks (Krokene & solheim, 1998) , but at the same time this interaction can also play an important part for fungal life cycle to use beetles as transports for the fungi (long-distance movement) to facilitate inoculation the fungi into suitable host-trees (six, 2003, 2012) . Moreover, fungi are also reported to be an important nutrition for some bark-beetle species (Linnakoski et al., 2012 , Villari et al., 2012 . The bark beetles-fungus interaction appears to vary between different species, regions and countries (six, 2012) , however, a very little is known about ophiostomatoid fungi associated bark beetle species colonizing scots pine in Ukraine (Davydenko et al., 2017) .
The aim of this study was to reveal the vectored fungal community associated with the pine engraver beetle, Ips acuminatus (Gyllenhal) in different regions of Ukraine with special emphasis on pathogenic fungi for further evaluation of harm bark-beetle -fungi association for Ukrainian forest.
Objects and methods. study sites were pine forest stands located in the different regions of Ukraine (Fig. 1) . stands at all sites were ca. 50-60-yearold plantations of scots pine (Pinus sylvestris). I. acuminatus adults were collected from infested logs of P. sylvestris sampled in Kharkiv (Kh), Luhansk (Lh), Poltava (P), sumy (s), Kyiv (K) and Zhytomir (Zh), and stored singly until analyses. Fig. 1 . Locality of sampling sites Kharkiv (Kh), Luhansk (Lh), Poltava (P), sumy (s), Kyiv (K) and Zhytomir (Zh) sampling and study of bark beetles I. acuminatus was carried out in 2014-2016. Forty-eight individuals per site were collected randomly and analysed. Half of the beetles from each site were stored at 4°C for fungal culturing and the other half at -20°C for DNA analysis.
Fungal culturing and molecular identification. samples for fungal isolation were plated on 2 % malt extract agar (MEA, Difco, BD, Franklin Lakes, NJ, UsA) containing 200 ppm of cycloheximide and 300 ppm of streptomycin (sigma-Aldrich), in order to be selective for Ophiostoma species and avoid growth of bacterial isolates and fast growing fungi as Trichoderma spp, Penicillium spp. etc. Obtained cultures were used to get pure isolates by transferring mycelium from the edges of single colonies to fresh 2 % MEA. Cultures were incubated at 22°C and grouped according to morphological characteristics of colonies and conidiophores, and single spore cultures were prepared from germinating conidia of isolates representing morphological groups of different sites (Villari et al., 2012) .
Morphological identification was based on macro-and microscopic characteristics of the isolates. specimens were observed both under a stereomicroscope and a light microscope, after anamorph fruiting structures were mounted on glass slides in cotton blue.
DNA was extracted from the single spore cultures of the isolates representing morphological groups of different sites. Approximate DNA concentrations were determined at 260 nm using the Nano-drop 2000 spectrophotometer (Nano-drop Technologies, Wilmington, DE, UsA), and extracts were diluted to 10 ng μl−1 in double-distilled water (sigma-Aldrich, st. Louis, MO, UsA). Internal transcribed spacer (ITs) regions 1 and 2, including the ribosomal 5.8s gene, were amplified using the ITs primers pairs (Davydenko et al., 2017) . The reaction mixture contained, in a total volume of 15 μl, 200 μM deoxyribonucleotide triphosphates, 0.2 μM of each primer, 0.03 U/μl Thermo Green Taq polymerase with reaction buffer Green, and 2.75 mM final concentration of MgCl2. The thermal cycling was carried out using an Applied Biosystems GeneAmp PCR system 2700 thermal cycler (Foster City, CA, UsA). An initial denaturation step at 95°C for 5 min was followed by 35 amplification cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s. The thermal cycling was ended by a final extension step at 72°C for 7 min. The protein coding gene β-tubulin (partial gene) was also amplified using the primers Bt2a and Bt2b (Glass and Donaldson 1995) . Amplification was performed in 15 μl of reaction mix (1x PCR Go Taq Flexi buffer, 2 mM MgCl2, 0.09 mM dNTPs, 0.66 μM each primer, 4 % DMsO, 0.5 U of Taq polymerase and 1μl of template DNA). Thermal cycling condition were 2 min at 94°C followed by 15 cycles of 94°C for 30 s, 58°C for 45 s, and 72°C for 45 s, and further 20 cycles of 94°C for 30 s, 55°C for 45 s, and 72°C for 45 s, with a final extension of 72°C for 5 min.
PCR products were size separated on 1 % agarose gels and visualized under UV light. The PCR products were purified with Qiagen DNA extraction PCR M kit (Qiagen, Hilden, Germany). sequencing was carried out by Macrogen Inc., Korea. Raw sequence data were analyzed using the seqMan Pro version 10.0 software from DNAsTAR package (DNAsTAR, Madison, WI, UsA). Databases at GenBank and at the Department of Forest Mycology and Plant Pathology, swedish University of Agricultural sciences, were used to determine the identity of ITs rRNA sequences. The criteria used for identification were: sequence coverage > 80 %; similarity to taxon level 98-100 %, similarity to genus level 92-97 %.
Sequencing of fungi from the beetles. Isolation of DNA, amplification and sequencing of fungal ITs rRNA obtained directly from the beetles was carried out as described by Davydenko et al. (2014 Davydenko et al. ( , 2017 . PCR products were size separated on 1 % agarose gels and visualized under UV light. Resulting single-band products were sequenced in both directions using the same primers as for PCR amplification. sequencing and analyse of sequencing data were performed as described in section above.
Statistical analyses. A NCBI BLAsT (National Centre for Biotechnology Information, www.ncbi.nlm. nih.gov) search was run with the edited sequences for preliminary species identification. sequences were then aligned and visually inspected for the identification of polymorphic loci. A preliminary neighbor-joining tree was obtained with a Kimura 2-parameters substitution model, using only the β-tubulin partial gene sequences since they are known to better distinguish among Ophiostoma species than ITs region. Assessment of average evolutionary divergences over sequence pairs within and between groups defined by the tree were assessed for both ITs region and β-tubulin partial gene. All analyses were performed with MEGA 5.05 software.
Maximum likelihood (ML) analysis was conducted using the RAxML, and the 198 RAxML-HPC BlackBox was selected with default parameters, especially, in order to distinguish further O. canum, O. canum-like and O. cf. canum, and O. piceae complex with MEGA 5.05 software.
Richness of fungal taxa detected in beetles from sites was compared using chi-squared tests (Mead 2017) . The relative abundance of fungal taxa was calculated from actual numbers of observations (presence/absence data) as the percentage of observations (isolates/ sequences) for the total fungal community. shannon diversity indices and Chao indices were used to characterise the diversity and composition of fungal communities (Mead 2017) . The simpson diversity index was used to indicate dominance in fungal diversity to take into accounts both richness and evenness. Fungal dominance and most common species were determined by Camargo's index (Mead 2017) . statistical analyses were carried out using the software JMP ® , Version 11.0.0. sAs Institute Inc., Cary, NC, 1989 -2007 Results and discussion. In total, 1681 isolates and amplicons representing 42 fungal taxa were detected when pooling the results from culturing and direct sequencing. The distribution of the fungal species according to site is given in Table 1 . Of the all beetles of I. acuminatus used for fungal culturing, 272 individuals (94.4 %) yielded fungal isolates and amplicons. so, most of all of the investigated beetles were associated with one, or more, species of fungi and 5.8 on average different fungal cultures and amplicons were obtained from each beetle.
The spectrum of fungi mainly consisted of ascomycetes (Tab. 1), but a few fungi from phylum Mucoromycotina and Basidiomycota were also identified.
The most abundant fungal phylum was Ascomycota for all sites accounting for an average of 80.85 % of the total sequences, followed by Basidiomycota and unidentified fungal group, which accounted for 10.6 % and 8.5 % of the total sequences, respectively (Fig. 2) .
Pooling all data from isolation and sequencing, all high-quality sequences representing 94 distinct fungal taxa among which 56 (59.7 %) were identified to taxon level, 28 (29.8 %) to genus level and 10 (10.6 %) remained unidentified (Table 1) .
The most commonly detected fungi for pooling dataset were Sphaeropsis sapinea (23. Chi-square test showed significant difference (p > 0.001) in richness of fungal taxa detected by the different sites (Fig. 3 ). Differences were observed in the abundance within some of the dominant groups, classified as the phylum and order. For the fungal communities (Fig. 3 , Tab. 1), the relative abundances of the taxa Ascomycota and Basidiomycota were significantly lower (p < 0.001) in Luhansk and Poltava sites, and significantly increased (p < 0.05) in Kharkiv, Zhytomir, Kyiv and sumy sites respectively reaching maximum value in sumy region. At the phylum level, for the fungal communities the relative abundances of the dominant taxa Cladosporium sp., Cyclaneusma sp., Grosmannia sp., Mucor sp., Ophiostoma sp., Penicillium sp., Sphaeropsis sp., Sydowia sp. and Basidiomycota were significantly different (p < 0.001) between all sites, while the relative abundances of the taxa Cladosporium sp., Graphilbum sp., Graphium sp., Lophodermium sp., were significantly similar for all sites (data not shown). The PCoA (principal coordinates analysis) based on Bray-Curtis distances revealed that the first principal component explained 99.10 % of the variability in the data of the fungal communities (data not shown). six different clusters were formed for all sites in the respect to the fungal community compositions, indicating the significant difference between fungal community associated with bark beetles.
In the pooled dataset of isolates and amplicons for each site, shannon diversity indices ranged between 1.9 and 2.9 while simpson diversity index varied between 0.69 and 0.89 (Fig. 4) ; Chao index is an estimator based on the abundance of species for each site referring to the abundance of individuals belonging to a certain class in a sample. Thus, variation in proportional representation of shannon and simpson diversity indices significant taxa changes assigned to species and genus level was observed in this study indicating functional drivers for the difference among sites. It is speculated that the lower bark beetles associated fungal diversity at Luhansk and Poltava sites and the highest diversity at sumy and Zhytomir ones are probably due to the fact that some microclimate factors as humidity or forest health condition play a more focussed role in fungal diversity between sites.
Opiostomatoid fungi. A total of 438 isolates of morphologically resembling fungi in the Ophiostomatales and Microascales were obtained from bark beetles from six localities ( Table 2) (De Beer et al., 2013) . The majority of obtained isolated were Ophiostomatales (96.1 %) and a small number of isolates (3.9 %) were from Microascales (Tab. 2).
In total twelve ophiostomatoid species were detected (Tab. 2). Within Ophiostoma s. l., the obtained isolates resided in eleven species complexes: Graphilbum rectangulosporium, Grosmannia olivacea, Grosmannia sp., Ophiostoma bicolor, O. canum, O. ips, O. minus, O. pallidulum, Ophiostoma sp. and one Graphium sp. belong to Microascales (Tab. 2). Analyses of the combined data set that included ITs-LsU, bs, EF-1a, revealed that the majority of isolates obtained in the present study, grouped in a strongly supported clade. Among all obtained isolates, 27 ones were identified as O. canum within the O. piceae complex, while twenty-four were identified as O. ips. The results of the ßT and EF 1-α sequences analysis confirmed that all the obtained isolates in these complexes belonged to O. canum and O. piceae. Additionally, based on the phylogenetic analysis of ssU ITs2-LsU βT, one isolate was identified as Ophiostoma sp. The comparisons of the ssU ITs2-LsU βT sequences obtained for the Graphium isolates showed identification on genus level.
Beetles collected in Luhansk were associated with four ophiostomatoid species and the frequency was low (rated from 4-16 %). Bark beetles from sumy, Zhytomir and Kyiv regions were associated with the highest number of fungal species from Ophiostomatales and Microascales group. For all sites, O. minus was the most common blue-stain species (23.3 % of all bark beetles). O. ips and O. canum were also isolated at relatively high frequencies as well as O.bicolor and O. picea (19.1 % and 15.97 % respectively) from I. acuminatus from all sites, whereas rest of Ophiostoma and Graphium species occurred rarely among all beetles. Interestingly, that O. ips was relatively common species for Kharkiv and Luhansk sites (29.2 % and 16.7 % respectively), frequency of O. minus was the highest at sumy and Kyiv regions (45.8 %), while the three Ophiostoma species were the most common (frequency 29.2 %) at Zhytomir region (Tab. 2).
Graphium sp. was isolated from specimen of I. acuminatus collected in five localities (except Luhansk). Graphium pseudormiticum was the closest match (94 %) and G. fimbriasporum (Morelet) Jacobs, Kirisits & Wingfield (92 %) according to the ITs-data. However, the both two different Graphium species seem to have different ecological niches associated with spruce and larch in this study the fungus is presented as Graphium sp. because of a low identity score, with other sequenced species, in the GenBank.
Graphilbum rectangulosporium was isolated from 13.9 % all individuals collected in all sampling sited as well as Ophiostoma canum, O. ips and O. picea were also found ( Table 2) . Most of the collected I. acuminatus were associated Grosmannia sp.1 and O. pallidulum. All detected opiostomatoid species were found only at Zhytomir sampling site while bark beetle collected from Kiev and sumy region vectored 91.7 % (11 out 12) opiostomatoid species. Less diversity in this group were found to be associated with I. acuminatus at Kharkiv and Poltava sites whereas only four Ophiostoma species were detected for bark beetles at Luhansk site.
Grosmannia olivacea was isolated from 10.3 % of all collected bark beetles. ITs-data and β-tubulin-data gave 99 % identity match on O. olivaceum. Following the new nomenclature, the species is renamed to G. olivacea. Reports of G. olivacea are very limited (Linnakoski, 2011) . However, the fungus is known to be common associate of pine-and spruce infesting bark beetles, such as Dryocoetes autographus, Hylastes cunicularius, I. sexdentatus and I. typographus (Linnakoski, 2011) . Moreover, Grosmannia olivacea along with ophiostomatoid species -Ophiostoma ips, O. minus, O. pallidulum, O. piceae and G. cf. rectangulosporium has already been reported to be associated with I.acuminatus in Ukraine (Davydenko et al., 2017) whereas Graphium sp., Ophiostoma bicolor, O. canum, O. ips, O. piceae, and G. cf . rectangulosporium were found to be in close interaction with Hylurgus ligniperda (Davydenko et al., 2014) .
All ophiostomatoid fungi were tested to be more or less pathogenic to conifers and all detected species showed the ability infect seedlings of P. sylvestris with varying degree of virulence in precious studies. Moreover, O. minus caused dieback to P. sylvestris seedlings in previous studies (Jankowiak, 2013 , Davydenko et al., 2017 whereas other ophiostomatoid species were capable to colonise sapwood and caused substantial blue-stain in the inoculation area resulting in decline of P. sylvestris seedlings, which was also reported previously (Jankowiak, 2013 , Davydenko et al., 2017 . Pathogenic fungi. In the present study, different fungal pathogens were detected among which one non-ophiostomatoid species, Sphaeropsis sapinea (Fr.) Dyko & B. sutton, was also frequently isolated in this study from all sites except Kyiv (Tab. 1). S. sapinea is pathogen of conifers causing Diplodia tip blight and stem canker disease across Europe (Oliva et al., 2013) .
In total, S. sapinea was isolated from 23.6 % of the adults of I. acuminatus collected from five sampling sites. The presence of S. sapinea was not significantly affected by sampling site in which they were collected (df = 3, χ 2 = 46.389, p = 0.059), although most specimens were found at sumy site (23 out of 47.9 %) followed by Zhytomir site (19 out of 48, 39.6 %). In the six different areas of the 200 trees were analyzed randomly to identify sphaeropsis tip blight (data not shown), and the presence of S. sapinea was not significantly influenced by the forest health condition of sampling trees (df = 1, F = 3.579, p = = 0.059) and infection rate. The rate of infection was significantly different among trees with/without bark beetle damage and most of the trees showing symptoms of Sphaeropsis tip blight does not damage by I. acuminatus (df = 1, X 2 = 5.361, p = 0.021), but nevertheless, the possibility should not be excluded that in addition to the negative effect of I. acuminatus and ophiostomatoid fungi, S. sapinea has also contributed to the pine decline as disease symptoms were often observed on scots pine at the time of sampling on study sites (Davydenko et al., 2017) .
Among other pathogens, some fungi cause needle disease were found in different extent (Anthostomella pinea, Cyclaneusma niveum, Lophodermium seditiosum) as well as fungi from genera Alternaria, Chametomium, Fusarium, Phoma, and Rhizoctonia are mainly known as generalist saprotrophs and/or facultative parasites (Davydenko et al., 2014 (Davydenko et al., , 2017 .
A few Basidiomycota were also occasionally detected: wood-decay fungi (Bjerkandera adusta, Fomitopsis pinicola and Heterobasidion annosum), yeast Cryptococcus sp., mycorrhizal fungus Hebeloma sp., common saprophytic fungus that causes white rot of conifer logs and stumps and used as a biological control of annosum root rot (Phlebiopsis gigantea) and previously reported mycangial nutritional fungus Entomocorticium sp. (Davydenko et al., 2014 (Davydenko et al., , 2017 which of already mentioned in numerous studies as occasional occurrence of basidiomycetous fungi in bark beetles (Jankowiak, 2006 , Persson et al., 2011 , Davydenko et al., 2014 , 2017 .
Conclusion. General conclusions that can be taken from our study range different topics which go from the widely discussed role of associated fungi in bark beetles host establishment (six, 2012 (six, , Villari, 2012 , to the attempts in understanding ecology and population dynamics of a forest-damaging species as Ips acuminatus.
The investigated bark beetles, I. acuminatus, were associated with numerous of fungi species. Therefore, I. acuminatus is vector for species-rich fungal community, which was generally dominated by tree pathogens. Present study also demonstrated rich community of ophiostomatoid fungi associated with I. acuminatus in Ukraine. such combination of drought, bark beetles and both blue-stain fungi and other pathogens is gaining importance regarding dieback of pines in Ukraine.
It appears that ophiostomatoid fungi are an important factor determining the aggressiveness of bark beetles (Krokene & solheim 1998) , demonstrating a significantly varying degree of virulence. Among ophiostomatoid fungi reported to be associated with bark beetles in Ukraine, O. minus has been the most virulent and causes dieback in seedlings of scots pine. It is speculated that the associated ophiostomatoid fungi may play key roles in overcoming tree defense to facilitate the establishment of bark beetles. Nonetheless, the most important benefits that weal or non-pathogenic fungi may get from the association with bark beetle are transport, spread, and facilitation in entering the host tissues. In this case, bark beetle associated fungi are completely dependent on their vector for dissemination and thus adapted to insect dispersal which has been confirmed by many scientists
The association between non-ophiostomatoid pathogenic fungi as Sphaeropsis sapinea, Cyclaneusma minus, Lophodermium seditiosum and I. acuminatus, is of considerable importance to forest health and required further attention. Results of this study have shown though that associated fungal community (even weak or non-pathogenic fungi) are able to be as trigger decreasing tree defences comparable to the ones induced by a blue-stain fungus, and may thus participate in exhausting host plant defences. The combined performance of the tree pathogenic fungi and their insect vectors could also be behind the dieback of drought-stressed scots pines in the study sites.
